To assess possible roles of atrial natriuretic factor (ANF) in the regulation of blood pressure in deoxycorticosterone acetate (DOCA)-salt hypertensive rats, we performed two series of experiments. First, we studied acute hypotensive, and natriuretic and diuretic effects of ANF in pentobarbital-anesthetized DOCA-salt hypertensive rats and age-matched controls. A synthetic rat ANF was intravenously administered as a bolus at doses of 0.5, 2.5 and 5.0 pg/kg. In DOCA-salt rats, a significant decrease in mean arterial pressure was observed at a dose of 5.0 pg/kg, whereas at a dose of 2.5 pg/kg in control rats. On the other hand, the diuretic and natriuretic effects of ANF were observed at a dose of 2.5 pg/ kg in DOCA-salt rats and 5.0pg/kg in control rats. Second, we examined chronic effect of ANF on the development of hypertension in DOCA-salt rats. The DOCA-salt rats, given 1% NaCI solution for drinking, were continuously infused with ANF (15, 75 and 150 pg/kg/day) or vehicle (physiological saline) into the jugular vein by osmotic minipumps for up to 14 days. In DOCA-salt treated rats, ANF at doses of 75 and 150pg/kg/day attenuated significantly the development of hypertension, although ANF at a dose of 15 p g/kg/day did not. The hypotensive effect of ANF was sustained throughout the experimental period and the effect of ANF at a dose of 150 p g/kg/day was more prominent than that of this peptide at a dose of 75 p g/kg/day. ANF did not induce any significant changes in urine volume, fluid intake and urinary excretion of sodium and potassium in DOCA-salt rats when compared to those in vehicle-infused DOCA-salt rats. These results indicate that DOCA-salt rats are more sensitive to ANF in diuretic and natriuretic effects, and less sensitive to ANF in hypotensive effect compared to control rats.
Moreover, it is suggested that ANF can affect the regulation of blood pressure by its vascular effect in the development of hypertension in DOCA-salt rats. atrial natriuretic factor (ANF) ; deoxycorticosterone acetate (DOCA) ; hypertension ; sodium-water excretion ; vascular smooth muscle Atrial natriuretic factor (ANF), which is released from membrane-bound storage granules within atrial muscle cells (DeBold 1979 (DeBold , 1982 ) is a peptide which promotes vasodilation, natriuretis, diuresis (Flynn et al. 1983 ; Sonnenberg et al. 1983 ; Atlas et al. 1984 ; Kangawa and Matsuo 1984 ; Misono et al. 1984) , and furthermore, inhibits aldosterone production in adrenal capsular cells (Atarashi et al. 1984 ; Maack et al. 1985 ; Needleman et al. 1985) . Therefore, ANF is expected to play an important role in the regulation of blood pressure by its renal, vascular and adrenal effects. However, Sonnenberg et al. (1983) reported that atrial natriuretic activity is decreased in spontaneously hypertensive rats (SHR), while Hirata et al. (1984) showed that it is increased in Dahl salt-sensitive rats as compared to Dahl salt-resistant rats. Thus the involvement of ANF in the regulation of blood pressure in experimental models of hypertension is still controversial. Schiffrin and St-Louis (1987) reported that the density of vascular ANF binding sites is reduced and aortic responsiveness to ANF is decreased in deoxycorticosterone acetate (DOCA)-salt hypertensive rats, a model of volumeexpanded hypertension.
Recently, in vivo studies, we have shown that chronic infusion of a nonhypotensive dose of synthetic ANF (150 ,u g/kg/day) attenuated the hypertensive effect of chronic infusion of norepinephrine (Yasujima et al. 1985) , angiotensin II (Yasujima et al. 1986a) or vasopressin (Yasujima et al. 1986b ) in conscious rats and that the antihypertensive effect was independent of renal effects of this peptide. In addition, we have also shown that chronic infusion of the same dose of a synthetic ANF did not affect the development of hypertension in young SHR on normal sodium diet or on sodium loading with 1% NaCI solutions in place of drinking water ).
In the present study, we have determined whether ANF could affect the development of hypertension in DOCA-salt rats, and to ascertain the sensitivity of these animals in the hypotensive, diuretic and natriuretic responses to ANF.
MATERIALS AND METHODS

Experiment 1
Sprague-Dawley rats (Charles River Breeding Laboratory, Tokyo) weighing from 200 to 250 g were used. DOCA-salt hypertension was produced in rats that had previously undergone left nephrectomy under anesthesia with pentobarbital sodium (30 mg/kg, i.p. ; Abott Laboratories, Tokyo). One week after the surgery, the rats were injected subcutaneously twice a week with deoxycorticosterone acetate in olive oil (Percoteni®, Ciba ; 1.5 mg 100 g body weight dose). They were housed in individual cages, with free access to commercial rat food (sodium, 0.24%; potassium, 0.69%; Oriental CMF, Oriental Yeast, Tokyo) and to 1% NaCI solution as a drinking water. Age-matched uninephrectomized Sprague-Dawley rats that received twice a week subcutaneous injections with olive oil alone served as controls. Blood pressure was monitored at weekly intervals by tail-cuff method beginning on the day prior to the nephrectomy.
After hypertension had been entablished (4-5 weeks after the beginning of treatment with DOCA-salt), experiments were performed in DOCA-salt hypertensive rats (n -6) and controls (n = 6). Anesthesia was done by an intraperitoneal injection of pentobarbital sodium (30 mg kg) and the body temperatures were maintained at 37°C with an electric heater during the whole experimental procedure. A cannula (PE-10) was inserted into the left femoral vein for continuous infusion of physiological saline (0.05 ml mm) and for administration of ANF as a bolus, and another one into the left femoral artery for continuous measurement of mean arterial pressure (MAP). MAP was recorded by connecting the arterial catheter to a pressure transducer and a two channel recorder (Biophysiograph, 180 system, San-Ei, Tokyo). A midline abdominal incision was used to expose the ureter from the right kidney. The ureter was cannulated (PE-10) for urine collection. After operation, the infusion of a saline solution through the femoral venous catheter was started at a rate of 0.05 ml mm. After surgical preparation, the animals were allowed to stabilize for 40 min before starting the control measurements. Urine was collected at 15-min intervals. A synthetic rat ANF of 28-amino acids polypeptide was administered intravenously as a bolus at doses of 0.5, 2.5 and 5.O,ug/kg (dissolved in 0.1 ml of physiological saline), at an interval of 15 or 30 min. The maximum MAP responses were taken as the hypotensive effects of ANF. Urine samples for measurement of urine volume and urinary excretion of sodium and potassium were obtained every 15 min before and after administration of ANF.
Experiment 2
Sprague-Dawley rats (Charles River Breeding Laboratory, Tokyo) weighing from 200 to 250 g were used. Animals anesthetized with sodium pentobarbital (30 mg kg, i.p.) were nephrectomized unilaterally through a flank incision and received subcutaneous siliconerubber implants containing 100 mg kg of DOCA made by the method of Ormsbee and Ryan (1973) . All DOCA-treated rats were randomly housed in individual metabolic cages, with free access to commercial rat food (sodium, 0.24% ; potassium, 0.69% ; Oriental CMF, Oriental Yeast, Tokyo) and to 1% sodium chloride solution as a drinking water. They were maintained in a room controlled for humidity and temperature. Throughout the study, each rat was housed in a metabolic cage designed to prevent feces-urine contact (Model ST ; Sugiyamagen, Tokyo). After 2-week-treatment, they were infused for up to 2 weeks with 15, 75 and 150pg/kg/day of rat ANF or vehicle (physiological saline) (0.5p1/hr) delivered via osmotic minipumps (Model 2002, Alzet®, Palo Alto, CA, USA) which were connected to the left jugular vein by means of a vascular catheter. Jugular cannula was tunnelled subcutaneously to the osmotic minipump which was implanted in the interscapular region of the rat's back.
Assuming that ANF did not degrade during the study, and that the pumps dispensed fluid at the specified rate of approximately 0.5 p1 /hr, the highest infusion dose (150 pg/kg/ day) was chosen to be sufficient to induce small but significant diuresis and natriuresis. This dosage did not affect blood pressure in a normotensive rat bioassay system (Yasujima et al. 1985) . The stability of ANF in the osmotic minipump was examined by comparing the diuretic and natriuretic activities of freshly dissolved ANF with those in the ANF solution recovered from the minipump after 14 days of use in the rat. No difference in activities was observed.
Systolic blood pressure was determined daily during the control and infusion periods at the same time of the day by an indirect tail-cuff method without anesthesia (Pfeffer et al. 1971 ). The daily fluid intake, body weight, urine volume and urinary excretion of sodium and potassium were also checked.
Urine was collected into vessels at 4° C and was kept at -20 ° C until the assay. Urine volume was measured gravimetrically and expressed as ,u 1/min (Experiment 1) or ml day (Experiment 2). Urinary sodium and potassium concentrations were measured with a flame photometer. In Experiment 2, blood for the measurements of plasma ANF concentration was obtained by decapitation at the termination of infusion period. The concentration of ANF was measured by the modified method reported previously (Kimura et al. 1986 ). Blood was collected into heparinized tubes and centrifuged at 4°C. Plasma samples were immediately mixed with 0.1 N HC1 and kept at -20°C. Radioimmunoassay was performed after extraction of acidified plasma through C 18 Sep-Pak cartridges with 80° acetone-HCl (pH 1.5). Rat ANF antiserum (Mitsubishi Petrochemical Co., Ltd, Tokyo) cross-reacts completely with a-human ANF (100%), and atriopeptin III, but not significantly with anginine vasopressin, ACTH, angiotensin II, substance P, oxytocin and methionineenkephalin. Fifth pl of synthetic a-rat ANF or extracted sample, the antiserum (final dilution, 1: 90.000) and 125I-human ANF (specific activity : 2,0001uCi/g, Amersham Japan Co., Tokyo), and 250,u1 of the buffer were incubated in a non-equilibrium method. The lowest detectable level of ANF was 7 pg/tube and 50° inhibition of binding was 50 pg/ tube. The recovery rate of added a-rat ANF (125 pg) was 74.2 + 13.3 (n =15) and interand intra-assay coefficients were 17.9% and 13.9%, respectively. The serial dilutions of the extracted plasma sample paralleled the standard curve. 
RESULTS
Experiment 1
In DOCA-salt rats, basal MAP was not affected by the administration of ANF at doses of 0.5 and 2.5 jig/kg. MAP decreased significantly from 129.8± 3.2 mmHg to 102.5+ 10.8 mmHg (p <0.05) at a dose of 5.0 pg/kg (Table 1) . In control animals, MAP was not affected at a dose of 0.5 p g/kg but decreased significantly from 115.0±5.4 mmHg to 99.4± 7.0 mmHg (p<0.01) at a dose of 2.5 jig/kg and from 112.8± 6.1 mmHg to 103.0±5.4 mmHg (p<0.01) at a dose of 5.0 jig/kg. Thus the hypotensive response to ANF in DOCA-salt rats was observed at a greater dose of ANF (5.O jig/kg) than in controls. In both DOCA-salt rats and controls, MAP decreased in a dose-related manner. Significant changes in urine volume and urinary excretion of sodium were observed at a dose of 2.5 jig/ kg in DOCA-salt rats and at a dose of 5.Ojg/kg in controls. Urinary excretion of potassium also increased at a dose of 5.Ojg/kg in both DOCA-salt rats and controls. The dose of ANF to produce the diuretic and natriuretic responses in DOCA-salt rats was smaller than the dose sufficient for a significant depressor response. In addition, the dose of ANF to induce diuresis and natriuresis was significantly less in DOCA-salt rats than that in control animals.
Experiment 2
Before long-term infusion of ANF or vehicle, body weight, systolic blood pressure, fluid intake, urine volume and urinary excretion of sodium and potassium were not significantly different among the groups (Table 2) .
In DOCA-salt treated rats, ANF at a dose of 15 pg/kg/day did not affect the development of hypertension compared to the controls of vehicle alone (Fig. 1) . On the contrary, ANF at doses of 75 and 150 p g/kg/day attenuated significantly the development of hypertension in DOCA-salt treated rats. On Day 1, tail systolic blood pressure in ANF-infused rats fell down to 154.4+6.4 mmHg (p < 0.05) at a dose of 150 p g/kg/day and 158.0±4.2 mmHg (p <0.01) at a dose of 75 p g/kg/day, while it was 173.3±4.1 mmHg in the vehicle-infused group. The antihypertensive effect of ANF was sustained throughout the experimental period. On Day 14, tail systolic blood pressure in conscious rats infused with ANF at doses On the other hand, ANF at doses of 15, 75 and 150 p g/kg/day did not induce any significant changes in fluid intake, urine volume and urinary excretion of sodium and potassium in DOCA-salt treated rats (Fig. 2) . In addition, ANF did not alter the body weight, which was 270.7+3.8 g in ANF-infused rats at a dose of 150 p g/kg/day, 283.5± 10.5 g at a dose of 75 p g/kg/day and 279.0± 7.4 g at a dose of 15 p g/kg/day, and 274.2 + 7.9 g in control rats. The chronic ANF infusion at a dose of 150 pg/kg/day for 14 days induced a 22,918 pg/ml increase in the absolute value of circulating level of ANF compared to that of vehicle-infused rats, a 3,800 pg/ml increase at a dose of 75 p g/kg/day, and a 844 pg/ml increase at a dose of 15 p g/kg/day.
DISCUSSION
The present study demonstrated that there was a significant difference in the sensitivity of diuretic, natriuretic and hypotensive responses to ANF between DOCA-salt rats and control rats. In addition, it was also indicated that ANF attenuated the development of hypertension in DOCA-salt treated rats, which was independent of renal effects of this peptide. Therefore it is suggested that ANF can regulate blood pressure by its vascular effects.
Recent studies have suggested that elevation of atrial pressure or distension of atrial walls stimulate the release of ANF (Dietz 1984 ; Lang et al. 1985) . Ackermann and Irizawa (1984) indicated that the synthesis of atrial granules is enhanced in DOCA-salt hypertensive rats. In contrast, DeBold (1979) reported that the granules in atrial cardiocytes are decreased in DOCA-salt rats. According to Sugimoto et al. (1986) , depletion of atrial ANF and elevation of circulating ANF were found in the DOCA-salt hypertensive rats. They also demonstrated that some DOCA-salt rats had relatively low blood pressure and high plasma atria ratio of ANF, suggesting that elevation of blood pressure may have been attenuated in these rats by an excessive increase in the release of ANF from the atria for some undefined reasons. Taken together with the present results, it seems likely that the increased synthesis and release, which occur in response to expansion of extracellular fluid volume or to elevation of blood pressure, may modify the development of hypertension in DOCA-salt rats.
Our previous study showed that in young SHR a significant decrease in mean arterial pressure (MAP) was observed during the infusion of ANF at a dose of 1.0 jig /kg, and diuretic and natriuretic effects of ANF were observed at a dose of 2.5 lag /kg ). The DOCA-salt model of rats differs from the young SHR in that a significant decrease in MAP was observed at a dose of 5.0 p g/kg in the former, whereas the results of diuretic and natriuretic response to ANF were similar. In DOCA-salt treated rats, moreover, ANP at doses of 75 and 150 pg/ kg/day attenuated significantly the development of hypertension throughout the experimental period. In our previous study ), on the contrary, ANP at a dose of 150 p g/kg/day attenuated only transiently the development of hypertension in young SHR on high salt diet and was not affected in young SHR on normal sodium diet. It is surprising that the antihypertensive effect of ANF is much apparant not in SHR but in DOCA-salt rats which is less sensitive to acute antihypertensive effect of ANF. There may be a difference in the downward regulation to vascular receptor of ANF between these two types of hypertensive models of rat. It is also postulated that there may be a difference in the response to anesthesia between the two since the stability and bioavailability of ANF was not changed during the infusion as confirmed in the preliminary experiments.
Elevation of blood pressure in DOCA-salt treated rats has been known to be triggered by expansion of extracellular fluid volume (Haack et al. 1977) , and associated with elevation of central venous pressure (Miller et al. 1979 ). Therefore, ANF may play a more powerful role in DOCA-salt rats than in control rats. In the present study, it is of interest to note that ANF had no modulatory effect on urine volume, fluid intake, urinary sodium and potassium excretion, or body weight in not only control rats but also DOCA-salt rats which have an increase in body fluid. Therefore it may be assumed that the hypotensive response in DOCA-salt rats may not be due to a circulatory volume contraction via its renal effects, but due to its direct vascular effects. That the hypotensive effect of ANF appears to be related to a direct vasodilation-effect is not surprizing because recent studies have reported that similar effect of ANF was observed in conscious rats made hypertensive by chronic infusion of norepinephrine (Yasujima et al. 1985) , angiotensin II (Yasujima et al. 1986a) or vasopressin (Yasujima et al. 1986b ), or in conscious two-kidney, one clip hypertensive rats (Garcia et al. 1985) , or conscious young SHR ).
The doses of ANF employed in chronic experiments of the present study resulted in higher concentration of ANF in plasma compared to the levels in vehicle-infused DOCA-salt hypertensive rats. At the dose of 15 1cg/kg/day of ANF, which was ineffective in attenuating the development of hypertension in this model of rats, the mean plasma levels of ANF were significantly higher, but these levels of ANF were still within physiological ranges reported previously (Schiffrin and St-Louis 1987) . On the contrary, higher doses (75 and 150 pg/kg/ day) were significantly hypotensive in DOCA-salt hypertensive rats. However, the attained levels of ANF seem to be pharmacological. Therefore, it is still uncertain whether physiologically circulating levels of ANF play a significant role in the regulation of blood pressure in this model of rats.
In summary, the present results indicate that ANF may play possible roles in the development of hypertension in DOCA-salt treated rats, and that SHR and DOCA-salt hypertensive rats are different in the blood pressure response to ANF. Further studies will be needed to elucidate the role of ANF in the regulation of blood pressure.
